Abstract. Physical models for numerical device simulation are reviewed in an engineering perspective, and their derivation from more general physical principles is examined. More specifically, the limitations of the basic semiconductor equations within the drift-diffusion model is discussed and its validity range is assessed with emphasis on silicon devices. An approximate solution to the Boltzmann Transport Equation (BTE) is obtained by using the Hilbert expansion method near equilibrium conditions; however, in contrast to previous treatments, the drift and diffusion term are linked together in order to overcome the usual limitation of small external fields. The solution is carried out up to the third term of the expansion, thus leading to a correction of the usual drift-diffusion current density. This correction yields a nonlinear velocity-field relationship and accounts for velocity overshoot.
Introduction.
The drift-diffusion model of current transport in semiconductors is to date well established [lJ. Numerical solvers based on the above model have successfully been used to predict new device effects and to help the designing of advanced processes and devices [2-3J. Yet, its mathematical justification under general non-homogeneous conditions is still unclear, since its derivation from the Boltzmann Transport Equation (BTE) usually requires the assumption of a small electric field and small carrier gradients [4J. Even in the simplest electron device, i.e. the p -n junction, such a condition is almost never fulfilled: fields as large as 10 5 V/cm, well exceeding k8T/Q>' (where A is the carrier mean-free path) are typically found even under equilibrium conditions. It is therefore important to assess more carefully the validity of the model from a mathematical standpoint.
The main aim of this paper is to identify the limits of the drift-diffusion model in the context of device simulation. We use the Hilbert expansion method [4J to derive the model but, in contrast to previous approaches, we link the drift and diffusion terms together in order to properly scale their combination near equilibrium conditions. In doing that, the validity of the model is assessed and found to hold so long as the gradient of the quasi-Fermi potential is small compared with (k8T /q>'). In the second part of the paper, we consider the equations governing the higherorder terms, and solve them up to third order. Hence, we find the correction to the current density.
The paper is organized as follows: section 2 defines the mathematical problem and discusses the limitations of the BTE in the context of electron transport in semiconductors. The scaling of the BTE is performed in section 3. Section 4 is devoted to the evaluation of the first-order solution of the BTE, and to a discussion of its limitations. The second-and third-order solutions to the BTE are derived in section 5, where the correction to the current density is identified. Finally, conclusions are drawn in section 6. 
provided a non degenerate electron gas is assumed. In (2.2) 5(r, k, k')d 3 k' represents the scattering probability per unit time from the state k at r to any other state
In what follows we shall assume that, due to the symmetry properties of the 5 function, the operator 5 is even, i.e.
(2.3)
Actually, the above assumption is only correct for isotropic scattering mechanisms, such as acoustic-and optical-phonon interactions. If impurity scattering plays a role, we shall assume an equivalent isotropic impurity scattering which provides the same momentum relaxation time as the real anisotropic scattering mechanism.
In (2.1), the electric field E = -grad<.p is governed by Poisson's equation (2.4) where <.p is the electric potential, E. the semiconductor dielectric constant, n and p the electron and hole concentrations, N D and NAthe donor and acceptor impurity densities, respectively. It should be mentioned that, within a device, E may be large and fast varying both in space and time, depending upon the nature of the device and its boundary conditions.
The problem of device simulation is thus defined by a couple of BTEs (2.1) for both electrons and holes and by the coupling equation (2.4). For the sake of simplicity, we shall consider only the BTE for electrons and neglect generationrecombination effects, which play a negligible role for most micron-size devices.
From the definition of the distribution function f, the electron concentration and the current density are given by (2.5a) (2.5b) n(r,t) = j f (r,k,t) 
d 3 k
In(r,t) = -q j uf (r,k,t) 
